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Abnormal Ductility Increase of Commercial Purity Al During
Accumulative Roll Bonding
KUIYU CHENG, CHENG LU, and KIET TIEU
In this paper, sheets of commercial purity Al were fabricated by the accumulative roll-bonding
(ARB) method up to six cycles. To increase the shear deformation, no lubricant was used during
the ARB processing and the samples were carried out for ARB processing without any preheat
treatment. One interesting finding is that the ductility and strength both increased during the
first several cycles of ARB processing. It is proposed that the initial rolling texture might play an
important part in the subsequent ARB processing since the original Al sheets for ARB pro-
cessing have not been subjected to any annealing. The microstructures of the specimens after
each ARB cycle were investigated by transmission electron microscopy and correlated with the
mechanical properties.
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I. INTRODUCTION
NANOSTRUCTURED metals and alloys usually
possess significant strengthening or large plasticity at
high temperature. These materials can be produced by
various techniques such as severe plastic deformation,
electrodeposition, or mechanical milling of powder
metals.[1–8] The severe plastic deformation methods,
including high pressure torsion (HPT),[9–12] equal chan-
nel angular pressing (ECAP),[13–16] and accumulative
roll bonding (ARB),[1–3] have been intensively developed
and applied in many industrial metals. Among these
SPD methods, the ARB is the most promising one to
produce large bulk materials.[1–3] However, the nano-
structured materials fabricated by the ARB method
usually exhibit little tensile ductility and especially
unapparent superplasticity.[17–20] Therefore, post-pro-
cessing of ARB materials, such as annealing and a
combination with other SPD methods,[18–20] has been
attempted to obtain both high strength and good
plasticity. Interestingly, in a Huang et al.’s[18] study,
the structure and the mechanical properties of nano-
structured Al annealed at a low temperature were
investigated and an unexpected phenomenon, a hard-
ening rather than softening accompanied with a decrease
rather than an increase in elongation, was observed.
Later, based on a successful introduction of a cold
rolling step following roll bonding, deformation rather
than annealing was proposed by Huang et al.[19] to be an
approach to improve the ductility of nanostructured
metals. The authors proposed that the beneficial effect of
low temperature annealing/deformation is related to the
limitation/introduction of dislocation resources.[18,19]
More recently, Kamikawa et al.[20] have proposed that
a heat treatment at intermediate temperature could give
a satisfactory combination of strength and ductility,
which is not obtained either in the deformed state or after
annealing at high temperature. They investigated the
strength-structure relationships and also related this
unusual phenomenon to the so-called dislocation source-
limited hardening.[20]
In the present study, the rolling sheets of commercial
purity Al were used for ARB processing without any
preheat treatment. It is found that both high strength
and increased ductility were achieved relatively during
the first ARB cycles (1st–3rd). Microstructure evolution
during the ARB processing was investigated by the
focus ion beam method and transmission electron
microscopy. The abnormal increase of ductility is
suggested to be related to the modification of the initial
deformed microstructure by ARB processing.
II. EXPERIMENTAL
Commercial purity Al 1050 was used in this study and
Table I lists the detailed composition. The rolled samples
were cut parallel to the original rolling direction (RD),
having the dimension of 1.36 mm 9 50 mm 9 200 mm
(thickness 9 width 9 length). Although fully recrystal-
lized materials are usually used as the starting materials
for ARB processing, all the samples were not annealed
before ARB processing in the present study. Then, two
strip samples were stacked, welded at one end, and roll
bonded in each pass rolling with a thickness reduction of
about 50 pct after degreasing and wire brushing the
surfaces in between. The entire roll-bonding process was
carried out at room temperature without any lubricant
to increase the shear deformation. The samples (marked
by L) went for ARB processing without any preheat
treatment. The detailed process parameters are shown
in Table II.
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The roll-bonding process was done by a two-high
experimental rolling mill. The rolls are have a 125 mm
diameter and 280 mm barrel length, are made of Böhler
W302 tool steel, and the roll peripheral speed is
196 mm/s. The roll surfaces have been ground and the
roughness was Ra = 0.28 lm along the circumferential
direction and Ra = 0.34 lm along the axial direction.
The roll gap could be set by a mechanical screw-down
system and two hydraulic capsules.
After each ARB processing, the tensile samples were
machined from the ARB-processed samples along the
rolling direction with a gage dimension of 25 mm 9
6 mm (length 9 width). The tensile tests were carried
out on a servo-controlled Instron tensile machine at a
speed of 0.025 mm/s to failure and the true stress–true
strain curves were then calculated. Subsequently, thin
foils containing the normal direction (ND) and the
rolling direction (RD) of deformed sheets were cut out
from both the center and edge (near surface) positions
of the selected ARB-deformed samples by the focus
ion beam (FIB) method for transmission electron
microscope (TEM) observations. The TEM observation
was carried out on a JOEL JEM 2011 microscope
operating at 200 kV. Under TEM observation, an area
of about 6.3 lm in diameter was used to obtain the




Tensile tests were carried out at room temperature for
all samples with the same strain rate equivalent to 103/s.
Figure 1 shows typical examples of the true stress–strain
curves of the ARB-deformed samples. First, the strength
increased with the rolling cycles, which is consistent with
most previous studies. Importantly, however, it is of
much interest that the elongation to failure also increased
during the first several cycles of ARB processing rather
than decreasing. Moreover, these deformed samples
exhibit large post-uniform elongation with the flow stress
reducing very slowly.
To clearly show the variation trend of strength and
elongation during ARB processing, the ultimate tensile
strength and elongation against the ARB cycle are
plotted in Figure 2. The ultimate tensile strength is the
maximum strength on the true stress–true strain curve,
while the elongation to failure is adopted to describe the
ductility property. It can be seen that the strength
increased sharply, as well as the elongation, up to the
third ARB cycle. Then, the strength increased smoothly
up to the fifth ARB cycle, while the elongation varied
very little at the same stage. Finally, a further ARB cycle
led to an obvious increase of the strength, but a sharp
reduction of the elongation.
B. Microstructure Evolution
Figure 3 shows the TEM microstructure of the hot-
rolled Al 1050 used as the starting material, and the
direction for following ARB processing is also indicated.
It can be seen that most of the grains are surrounded by
Table I. Chemical Composition of the Commercial Purity
























L1 2.700 1.278 196 0.52667 0.86015 0.86015 2
L2 2.556 1.148 196 0.55086 0.92049 1.78064 4
L3 2.296 1.020 196 0.55575 0.93307 2.71371 8
L4 2.040 0.981 196 0.51912 0.84195 3.55566 16
L5 1.962 0.929 196 0.5265 0.85975 4.41541 32
L6 1.838 0.804 196 0.56257 0.95086 5.36627 64
Fig. 1—Room temperature tensile tests for the ARB-deformed
samples.
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clear grain boundaries and dislocations are found more
or less in each grain by tilting the sample in the TEM.
The inset shows the representative SAD patterns. The
patterns are complicated and indicate the existence of a
large local misorientation in this condition.[3] Besides,
the grains already exhibit certain elongation along the
rolling direction in this condition. The average bound-
ary spacings parallel to the rolling direction (dl) and
perpendicular to the rolling plan (dn) were measured by
the intersection method and are listed in Table III along
with the aspect ratio (dl/dn).
Microstructure evolution during the ARB processing
is shown in Figure 4 and the structure parameters
(except L6 center) are also given in Table III. The
microstructure evolution can be summarized as
i) Above all, the ARB processing has refined the
microstructure compared to that of the starting
materials, especially for the boundary spacings per-
pendicular to the rolling direction (dn).
ii) In the center of the sample, the grains have been
elongated and the aspect ratio increased evidently
with increasing the first several cycles of ARB pro-
cessing. Dislocations were found both on the grain
boundaries and inside the grains, and the dislocation
distribution seems uniform in these stages. The cor-
responding SAD patterns are similar to that of the
starting material, complicated and indicating the
existence of large local misorientation. However,
the spots’ distribution seems to gather in particular
directions compared to the RD and ND after dif-
ferent cycles of ARB processing, which indicates that
the relative grain misorientation has changed during
ARB processing. After six cycles of ARB processing,
the microstructure distribution is extremely nonuni-
form. Some areas (right side) show the ultrafine grain
microstructure (dn ~ 250 nm) which results from the
severe plastic deformation, and dislocations are dis-
tributed all through the area. The corresponding
SAD patterns confirm the ultrafine grain micro-
structure by the diffraction rings. On the other hand,
some areas (left side) present the recrystallization
look micrograins, and the dislocations density be-
comes less obvious in this area. The corresponding
SAD patterns display no regularity.
iii) In the edge position of the sample, the grains have
been refined more obviously in both dn and dl during
the first several ARB cycles compared to the center
position due to the larger shear deformation. The
grain aspect ratio is also smaller than that of the
center position. It is also can be seen from the SAD
patterns after three cycles of ARB processing; the
incomplete diffraction rings imply that the fine
microstructure already forms in this stage. For the
first three cycles of ARB processing, the individual
dislocations and dislocation tangles were found
frequently, and the dislocation density increases
with increasing the ARB cycles. After six cycles of
ARB processing, the fine grains seem relatively
equiaxed with an average size less than 500 nm and
the aspect ratio is even a little smaller than that of
the starting material. Moreover, the grain bound-
aries are very clear and the dislocation density in this
stage is low. The corresponding SAD patterns show
the incomplete rings as well, which indicates the
Fig. 2—Strengths and elongation as functions of rolling cycles’
number.
Fig. 3—Microstructure of the hot-rolled Al 1050 used as the starting
material. Inset is the corresponding selected area diffraction patterns.
RD and ND stand for rolling direction and normal direction,
respectively.
Table III. Structural Parameters in the Starting Material
and the ARB-Deformed Samples
Samples dl (lm) dn (lm) Aspect Ratio
Starting 1.78 1.23 1.45
L1 Center 1.13 0.53 2.13
L3 Center 1.38 0.42 3.29
L1 Edge 1.07 0.56 1.91
L3 Edge 1.19 0.45 2.64
L6 Edge 0.54 0.39 1.38
406—VOLUME 45B, APRIL 2014 METALLURGICAL AND MATERIALS TRANSACTIONS B
nearly ultrafine grain microstructure and the exis-
tence of large local grain misorientations.
IV. DISCUSSION
The present experiment shows that the strength and
ductility of the commercial purity Al sheets with initial
hot rolling microstructure have been relatively increased
during ARB processing at the beginning stages (1st–
3rd). Usually, the strength should be increased and the
elongation should be reduced with increasing cycles of
ARB processing.[1–3] An unusual phenomenon like this
has been intensively reported in ultrafine materials
recently. Huang et al.[18] have successively shown that
a low temperature annealing of the nanostructured Al
has led to a hardening rather than softening accompa-
nied with a decrease rather than an increase in elonga-
tion, and that deformation rather than annealing has
improved the ductility of nanostructured metals (Al and
steel).[19] Kamikawa et al.’s[20] experiment has shown
that a heat treatment at intermediate temperature could
give a satisfactory combination of strength and ductility
of the ultrafine pure Al. They proposed the limitation/
introduction of the dislocation resources theory to
explain these unexpected phenomena in ultrafine or
nanostructured materials. The microstructure investiga-
tion in the present study shows that the dislocation
density increased during ARB processing at the begin-
ning stages (1st–3rd). To some extent, the introduction
of the dislocation resources theory might explain the
relative improvement of the ductility with more ARB
cycles. It should be noted that the limitation/introduc-
tion of the dislocation resources theory was proposed
for ultrafine grain or nanostructured materials, whereas
the microstructure during the first several cycles of ARB
processing has not reached this level in the present
study. Therefore, there must be some other deformation
mechanism dominant in this stage.
As the starting material has certain hot rolling micro-
structure and the ARB processing was conducted at the
room temperature, due to the different textures of hot
rolling and cold rolling,[6] the ARB processing might
significantly change the grain misorientations and the
relative relationships of slip systems of each grain. It is
known that the diffraction spots are corresponding to
different crystal planes of a crystal and that the distance of
a diffraction spot to the center is the inverse of the
corresponding crystal plane spacing. Therefore, for poly-
crystalline homogeneity materials, the electron diffrac-
tion spots from the same crystal plane family will form on
the same ring. When there are sufficient grains that have
arbitrary orientations within the selected area for electron
diffraction, the SADpatternswill present diffraction rings
like those in ultrafine or nanostructured materials.
However, when the grains have certain common orienta-
tion characteristics, the diffraction spots would be corre-
spondingly concentrated on certain positions of the ring.
Therefore, SAD patterns can to some extent reflect the
grain orientation relationships of the materials. Because
of the electron diffraction characteristics of the FCC
materials, the first inner ring is formed by the diffraction
spots of the {111} family, which are the slip planes and
closely related to the plastic deformation behavior. It can
be seen that the {111} diffraction spots for the starting
Fig. 4—Microstructure evolutions during the ARB processing without the preheat treatment. Insets are corresponding selected area diffraction
patterns.
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material (Figure 3) distribute relatively dispersedly,
whereas after one cycle of ARB processing, the distribu-
tion of the {111} diffraction spots shows obvious concen-
tration (Figure a and d). In the presence of a uniaxial
applied load, in this situation, it is easy to activate the slip
systems simultaneously in these grains, which results in
deformation concentration, thereby leading to necking
and displaying low plasticity. The {111} diffraction spots
for the samples after three cycles of ARB processing show
dispersed distribution again (Figure 4(b)) and almost
forma ring in the edge position of the sample (Figure 4(e)).
In this situation, the uniaxial applied load may activate
relatively more slip systems in the misoriented grains and
the necking can be postponed by the harmonized defor-
mation of the adjacent grains. The smooth flow stress
platform shown in Figure 1 also indicates the delay of
necking in the sample after three cycles ofARBprocessing.
Therefore, the elongation is relatively increased compared
to that of the sample after one cycle of ARB processing.
Moreover, since the dislocations and grain boundaries
have been significantly increased in this stage, the strength
was also increased due to the interaction of dislocations
and grain boundaries.[6–8]
After six cycles of ARB processing, the work hardening
became obvious and played the dominant role. Therefore,
the sample shows the highest strength and lowest plastic-
ity (Figure 1). Besides, it is difficult for recrystallization to
take place in the early stages of ARB processing, because
there was no preheat treatment and the deformation
energy has not been accumulated yet.Withmore cycles of
ARB processing, the work hardening and deformation
resistance increased and then resulted in temperature
increase. Consequently, the stored deformation energy
may release and induce dynamic recrystallization in
the local area (Figure 4(c)). In the edge position of the
sample, since the material is close to the rolls, the temper-
ature was relatively low and the recrystallization did not
take place. Moreover, due to the large shear deformation
here, it shows a fine equiaxed grain microstructure.
Kim et al.[21] have also shown in their results that the
region of the steady state for the AA8011 Al alloy
increased with increasing ARB cycles and the total
elongation of the AA8011 sheets significantly increased
with an increasing number of ARB cycles (strain) and
reached 18 pct after 12 cycles. They suggested that this
increase in total elongation corresponds well with the fact
that recovery was enhanced in the UFG AA8011 alloy
due to a larger fraction of high angle boundaries andpurer
Al matrix. So far, this unexpected phenomenon has been
reported in a series of Al or Al alloys and IF steels.[19–21]
Therefore, this phenomenonmight be a particular feature
of the UFGmaterials and should be further investigated.
V. CONCLUSIONS
In this paper, sheets of commercial purity Al were
fabricated by the accumulative roll-bonding (ARB)
method up to six cycles without preheat treatment and
lubricant. The strength has been significantly increased
by the ARB processing. Interesting, the elongation was
also relatively increased during the first several cycles of
ARB processing. The SAD patterns demonstrate that
the ARB processing is able to change the material
texture. Microstructure investigation shows that an
ultrafine microstructure was obtained after six cycles
of ARB processing. In the center of the sample, the
grains were elongated first and then formed ultrafine
grains after six cycles of ARB processing. Besides,
recrystallization took place in some area due to the
deformation energy release. In the edge position of the
sample, the microstructure tended to transfer from
initial micrograins to fine equiaxed grains due to the
large shear deformation.
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